Abstract-Shear-operating frequency is known to affect the sensitivity of acoustic wave sensor devices to both chemical and biological sensing, e.g., the detection of solutions' viscosity and protein adsorption. Lamb wave devices have been considered to be limited to low operating frequencies (5-40 MHz) due to their configuration. Here, acoustic devices based on single crystalline GaN membrane were used for liquid-based applications by monitoring the lowest symmetrical mode S 0 of a Lamb wave in the range of 142-458 MHz. We evaluated the response of the acoustic devices by monitoring the amplitude and phase of the wave during the application of various concentrations of glycerol on the device surface. In addition, we demonstrated a strong correlation between mass sensitivity and device operating frequency, as measured during the specific binding of biotinylated IgG on the neutravidin modified membrane. Importantly, our results indicate that a decisive parameter in choosing the optimum frequency is the nature of the final application. Lower operating frequencies (<200 MHz) appear to be more suitable for viscosity measurements, while higher ones (∼300 MHz) should be selected for biosensing applications.
Study of the Effect of the Operating Frequency of a GaN Lamb Wave Device to Viscosity and Protein Sensing
were employed in a wide range of applications including, the automotive industry [8] , monitoring environmental parameters [9] , point-of-care diagnostics [10] and food processing control [11] . While their fabrication was initially based on traditional piezoelectric materials, like quartz, LiNbO 3 and LiTaO 3 [12] , recently, acoustic devices have been fabricated using other piezoelectric materials, such as ZnO [13] , AlN [14] , GaN [4] and GaAs [15] . These devices, depending on their configuration, may support different waves, like Rayleigh, Lamb or a combination of both [16] . Despite the fact that the electromechanical coupling is weaker for the aforementioned materials, their potential for monolithic integration with other electronics in the semiconductor industry could lead to the manufacturing of smart and low cost systems [17] , [18] . For bio-applications, where the surface of the sensor is exposed to a liquid sample, it is important for the acoustic wave to exhibit low attenuation into the solution. Therefore, Rayleigh wave devices are not used for biosensing, while devices supporting shear-horizontal waves are the preferred option [16] . Lamb wave devices are unique since they support two different sets of propagation modes: a symmetric (S) and an anti-symmetric (A), which indicate the symmetry of particle motion about the median of the plate [19] . The number of supported modes can be defined by geometrical parameters of the configuration [16] . Until recently, Lamb waves have been considered to propagate in a liquid medium only in the low MHz range, by using the fundamental anti-symmetric mode A 0 . However, work using other modes, demonstrated that under certain circumstances, higher frequencies may also be employed in liquid sensing [19] , [20] . Especially, Arapan et al. demonstrated that in thin film membranes the fundamental symmetric mode S 0 offers weak dispersion, moderate coupling, low noise and high sensitivity [14] .
For evaluating the mass sensitivity of acoustic wave sensors, the following equation is generally used:
where f 0 is the operational frequency and f the frequency change resulting from the deposition of mass per unit area equal to M. This expression has been used by many researchers to evaluate mass sensitivity in air during the deposition of various materials, such as gold or silicon dioxide, and, to compare the mass sensitivity of devices operating at different frequencies in liquid [21] , [22] . For liquid-based applications, a parameter of interest is also the acoustic wave penetration depth δ in solution, defined as:
where η is the viscosity and ρ the density of the liquid, and f the operating frequency. Based on (2) it is obvious that higher device frequencies correlate with small penetration depth of the wave in the solution. Lamb wave sensors have been used for liquid-based applications, including the characterization of viscosity and protein detection. Experiments for characterizing the viscosity of fluids have been carried out at a frequency of 1.25 MHz on a stainless steel plate Lamb wave sensor where the configuration used a wedge transducer instead of IDTs [23] . Regarding protein detection, Lin et al. [22] proposed a Flexural Plate Wave (FPW -utilizing the A 0 mode) acoustic device to measure alpha-fetoprotein (AFP) in human serum for early detection of hepatocellular carcinoma. Their device was based on a 0.5 / 0.15 / 5 μm thick SiO 2 / Si 3 N 4 / SiO 2 multilayer, with an operating frequency of 6.4 MHz and a mass sensitivity in air of 86.03 cm 2 /g. By using the above system they showed reliable detection of as low as 5ng/ml of AFP (∼70KD). Lately, Lu et al. [24] developed a 474 MHz (S 0 mode) acoustic delay line sensor on GaN thin films, which exhibits a 272 cm 2 /g mass sensitivity in air; furthermore, they used their system to detect down to 1 μg/ml of anti-bovine serum albumin (150KD).
Until now, most of the work on Lamb-wave acoustic devices focuses on studying the response of the wave during a specific bio/chemical interaction at a single frequency. Here, GaN Lamb wave acoustic devices, with operation frequencies between 142 and 458 MHz, were fabricated and characterized with regards to the effect of the operating frequency on the sensitivity of a Lamb wave device, which would operate as a viscosity sensor and a biosensor. Results support the general belief that higher operating frequencies result in a higher response to surface perturbations, such as viscosity and mass loading. However, they also point out the significance of the nature of the application itself in selecting the optimum frequency for the device.
II. MATERIALS AND METHODS

A. Lamb Wave Acoustic Device
For the fabrication of the Lamb wave devices, high resistivity (>6 k ·cm) Metal Organic Chemical Vapour Deposited (MOCVD) GaN (001) epiwafers were used on high resistivity (>10 k ·cm) Si (111) substrates. The wafers were purchased from NTT Japan. AZ 5214 and AZ 9260 photoresists from Microchem were used for the photolithographic processes, along with an MA6/BA6 mask-aligner from Karl-Süss. Metals were deposited by an e-beam BJD 1800 evaporator from Temescal. Dry etching was carried out in a 1350 Vacutec Reactive Ion Etching (RIE) tool , while an Indium Tin OxyNitride (ITON) etch-mask was deposited inside an RFG-2500 sputtering system from Nordiko Limited. 
B. Etch Mask Removal
10% Hydrofluoric acid (HF) was used for removing the etch-mask. The HF was acquired from Riedel-de Haën (50% v/v).
C. Experimental Set-Up
An E5061A Network Analyzer (NA) from Agilent Technologies was used for data acquisition. Amplitude and phase of the acoustic wave were constantly monitored and recorded through a computer. A Minipuls 3 peristaltic pump from Gilson was used to deliver all the solutions to the device surface, through tubing and flow cell fluidics. A holder was manufactured in house to connect the front side electric circuit of the device with the NA, and the back side with the flowcell. The flow rate was kept constant at 20 μl/min during the experiment, while no temperature control system was needed due to the temperature stability of the GaN material [25] . The experimental set up is shown in Fig. 1 .
D. Cleaning of Devices
Lamb wave devices were cleaned prior to experiments via a PDC-002 plasma etcher from Harrick using air plasma. The tool was operated at a pressure of 600 mT, with a power of 29.6 W for 90-120 sec. Hellmanex II 2% aqua solution from Hellma GmbH & Co was used to clean the flow cell and the tubing of the experimental set-up.
E. Viscosity and Protein Adsorption Experiments
Glycerol solutions of various viscosities were prepared by diluting pure glycerol (99.6 %, BIOMOL) to 1, 10, 20, 30, 40% and 50% (v/v) using water. The corresponding viscosities were 0.91, 1.15, 1.54, 2.16, 3.18 and 5.04 cP, as these were derived from the CRC database. Neutravidin (Thermo Scientific) was physisorbed on the GaN membrane by applying a protein solution of 10 mg/ml in Phosphate Buffer Solution (PBS) (Sigma-Aldrich), at a flow rate of 20 μl/min. Biotinylated anti-mouse IgG (Sigma-Aldrich) was prepared in 6 concentrations (1.0, 6.7, 16.0, 32.0, 53.0 and 80.0 nM) and applied on the neutravidin modified surface at the same flow rate. In both cases, protein adsorption was followed by PBS rinse.
III. FABRICATION OF LAMB WAVE ACOUSTIC DEVICES
Membrane configured Lamb wave devices are based on a piezoelectric layer deposited on top of a substrate. Interdigital Transducers (IDTs) and metal pads are the electrical components for the generation and measurement of acoustic waves in the piezoelectric material. A split finger-structure for the IDTs was chosen in order to minimize reflections.
The fabrication of the Lamb wave devices consisted of five processing steps. The first step (Fig. 2b) was a chlorine based GaN dry etching, which reached down to the Si substrate. The second one (Fig. 2c) involved metal deposition of 20 nm Cr/ 200 nm Au and lift-off process, in order to fabricate the IDTs and pads. During the third step, a 350 nm sputtered ITON etch mask was deposited on the back side of the wafer, followed by lift-off (Fig. 2d) . The fourth step included a deep (500 μm -substrate thickness) SF 6 based selective (to GaN) Si etch, which resulted in the formation of the membrane followed by the dicing of the chips (Fig. 2e) . Finally, the diced acoustic devices were immersed in 10% HF for the removal of the etch mask material (Fig. 2f) .
Five batches of acoustic biosensors were fabricated with operating frequencies between 142 and 458 MHz. Theoretical calculations were carried out by applying a numerical approach [4] to find the acoustic velocity of the Lamb wave and, hence, the expected operating frequency of the devices. The theoretical and experimental parameters of these devices are shown in Table I , while the geometry is described in Table II. IV. RESULTS
A. Signal Response of Lamb Wave Devices
The signal response of the Lamb wave devices was checked by using the experimental set-up depicted in Fig. 1. Fig. 3 shows the spectrum of each device, monitored under two conditions: a) air and b) in the presence of liquid (H 2 O). The experimental operating frequencies were compared to the numerical calculated ones [4] ; equation 2 was used to calculate the penetration depth of the wave for each device (Table I) .
B. Glycerol Experiments
Lamb wave devices operating at different frequencies were evaluated as viscosity sensors by loading different glycerol solutions in water on the surface of the device. Fig. 4 shows the real time response of the acoustic Amplitude (A) and Phase (Ph) signals during glycerol loading and subsequent rinsing with water. Fig. 5 summarizes the observed change in A ( A) and Ph ( Ph) at saturation when the device is in contact with a glycerol solution as a function of √ ρη, where η and ρ are the viscosity and density of the glycerol solution respectively.
C. IgG Binding Experiments
In order to evaluate the effect of the operating frequency on the device sensitivity, various concentrations of IgG were applied to the surface of the Lamb wave devices. IgG specific and oriented immobilization was achieved by adding the biotinylated protein (b-IgG) to a neutravidin modified surface. The amplitude and phase change observed during neutravidin binding is shown in Fig. 6 at saturation. Fig. 7 depicts the binding of various concentrations of IgG as a function of the device frequency.
V. DISCUSSION Lamb wave devices were found to support the fundamental symmetric mode S 0 , together with one or more Rayleighwave modes, as indicated in the acoustic spectra provided in Fig. 3 (a-e) . Bringing the membrane in contact with water, results in full attenuation of the Rayleigh waves while the signal response of the S 0 Lamb wave mode is enhanced in all cases, except the 458 MHz device. The Signal to Noise Ratio (SNR) for the frequencies 142 to 292 MHz was found to be the same (5% variation) when loading the surface with H 2 O ( Table III) , indicating that the increasing frequency does not affect disproportionally the noise. However, for the 458 MHz device the SNR drops by 26 dB, despite the fact that in air it exhibits the highest value. It should be noted that the SNR is poor in air, especially when compared with our previous results [4] . However, this is not affecting the operation of the sensor in liquid environments, as for each batch of new devices, viscosity calibration experiments are performed prior to the actual experiments, in order to check and compare the sensitivity of the used device with initial results in [4] . Until now, the acquired data are statistically significant, demonstrating an excellent operational stability for each fabricated batch. Poor SNR is due to the grown GaN material itself and the large-scale membrane. In a previous study [4] , following membrane release, the GaN layer had a tensile stress, thus no wrinkles were noticed on the membrane. In this work, after the fabrication of the Lamb-wave devices, we observed that the released membrane was not leveled (full of wrinkles), due to compressive stress. This creates localized points where the acoustic wave is scattered. However, when the device surface is in contact with a solution, the observed wrinkles (due to compressive stress) on the membrane, which cause the acoustic wave to scatter, disappear. The membrane flattens due to the mass loading from the liquid, and the acoustic wave propagates without any scattering losses, thus improving the SNR. We have demonstrated in previous work [25] that the mechanical stress on the membrane can reduce the SNR of the device by using a high flow rate.
Based on Fig.3 , we also observed that the background signal (noise floor) is enhanced in the presence of liquid, which is consistent with previous findings [4] . This happens independently of the solution, as we have seen the same effect when loading the device with various solvents (acetone, IPA), de-ionized H 2 O and buffer solution (PBS). We believe that this background noise increase may be related to induced stress on the GaN layer from the liquid mass loading on the large-scale membrane. Additionally, the viscosity and polarity (acoustoelectric effect -since the surface is not grounded) of the solution may also affect the background signal response.
The observed attenuation of the Lamb wave response at 458 MHz, when the device is in contact with liquid (Fig. 3e) , can be explained by Anisimkin's assumption [20] that the polarization and order of each wave component (which depend on frequency) determine the operation in a liquid environment. In the case of the 458MHz device, the S 0 wave probably has a strong polarization perpendicular to the plane of the plate, exhibiting a behavior similar to a Rayleigh mode and thus is attenuated. Based on Fig. 3e , it can be concluded that this device is not suitable for liquid-based sensing experiments. It should be noted that Lu et al. [24] used successfully a GaN Lamb wave device to monitor the S 0 mode at a similar frequency (473 MHz). Despite the fact that the quality of the material plays a crucial role in device operation, we hypothesize that the whole configuration (materials, structure, thickness of metallization) may also be important in determining the dominant component of the wave, and, in turn, its suitability to liquid sensing. In all cases, we found an excellent agreement between numerical and experimental operating frequencies, with a maximum variation of 3.6% (Table I) .
In order to perform a systematic study on the effect of the frequency of the Lamb wave device on its sensitivity, we used devices operating at 4 different frequencies: 142, 178, 218, and 292 MHz. In each case, a range of glycerol solutions with a viscosity varying from 1 to 50% (corresponding η: 0.91-5.04 cP) was applied on the GaN membrane. Fig. 4 gives the real time response of the acoustic signals during glycerol loading. In general, all graphs exhibit two distinct steps: (1) an initial one where amplitude and phase decrease until both signals saturate, corresponding to the exchange of water for glycerol; and (2) a second one where the opposite effect is observed, i.e. return of both signals to the original level upon water rinse. Moreover, closer inspection of the phase response reveals a third step, which appears when the two higher frequency devices are used (i.e., the 218 and 292 MHz ones) together with high viscosity glycerol solutions (40 and 50%). This "anomalous" behavior is shown more clearly in Fig. 5 , where the absolute change in amplitude and phase is plotted as a function of √ ρη, where ρ and η are the glycerol density and viscosity respectively. Note that in this graph A and Ph were calculated from the real time graphs (Fig. 4) and correspond to the signal difference when water is replaced by the glycerol sample. The behavior of a viscous liquid in contact with a shear-operating acoustic wave device has been described by many investigators in the past [26] , [27] . It has been shown that for low viscosities a linear response exists between solution viscosity and, A and Ph, corresponding to the regime where the fluid behaves as Newtonian. For higher viscosities, both signals saturate as the liquid becomes Maxwellian. In our case and according to Fig. 5 (a, b) amplitude change is almost linear with respect to √ ρη for all tested frequencies expect for the 292 MHz device where A appears to level off at √ ρη > 2. A different behavior is observed for phase change, where a linear response that approaches saturation (at √ ρη ∼2) is observed only in the case of the two lower frequency devices (142 and 179 MHz). In the case of the two higher frequency devices, Ph reaches a peak above which the signal drops instead of leveling off. This effect is particularly obvious with the 292 MHz device where a bell-shaped response is observed. One way to explain this behavior would be by taking into account the dual nature of the S 0 Lamb wave, i.e. that of a longitudinal and transverse wave [20] . The latter could be associated to the slip effect, which takes place in the interface between the sensor and the solution [28] - [30] . According to this effect, the part of the liquid that is in direct contact with the surface does not follow the surface movement, but oscillates with a different velocity. As a result, it affects the propagation of the acoustic wave and hence the response of the Lamb wave biosensor. Some of the parameters that influence slip phenomenon are the curvature and roughness of the surface, polarity of the solvent and viscosity of solution. Another explanation may be the finding that when the tension of the membrane is increased (for example by establishing a differential pressure across it or applying a force on the plate), an opposite effect regarding phase velocity response is observed [16] , which becomes significant only at higher frequencies. In this case, the piezoelectric membrane is deformed by the mass loading of a high viscous solution. This mechanical stress is enough for affecting the piezoelectric properties of a thin GaN layer and, thus, the acoustic velocity. While the explanation of the "anomalous" behavior is hypothetical, Fig. 5 clearly shows that amplitude response should be the preferred signal to use for developing a Lamb wave viscosity sensor. For the direct comparison of the devices' sensitivity to viscosity measurements, the initial slope was calculated from Fig. 5 and for each line [16] , [26] , [31] . Table IV clearly indicates that the 218 MHz Lamb wave device is the most suitable one for viscosity sensing applications with a dynamic range for amplitude measurements from 10-50% (0.91-5.04 cP) glycerol. In order to evaluate the effect of the operating frequency to the biosensing capability of the Lamb wave device, the binding of b-IgG to the neutravidin modified surface was studied by using the four devices. Neutravidin binding on the GaN membrane and subsequent b-IgG binding to neutravidin represents typical cases of protein physisorption on a solid surface and specific binding, respectively. Fig. 6 gives the amplitude and phase change as a function of frequency, recorded at saturation during the binding of 1 mg/ml neutravidin on the device surface. Fig. 6 shows that, while both signals appear to be linearly related to the operating frequency up to 218 MHz, the responses from the 292 MHz device deviate from linearity in both cases. Nevertheless, the 292 MHz device appears to be the most sensitive one for both signal responses ( A and Ph) during neutravidin binding.
Following neutravidin adsorption on the GaN membrane, various concentrations of IgG biotinylated IgG were applied on each device. Fig. 7 depicts A and Ph as a function of the protein concentration; note that in both graphs, points correspond to surface saturation observed during IgG binding. Fig. 7 shows that both A and Ph responses to the loading of increased amounts of IgG increase with frequency; however, the relative differences observed for amplitude and phase, follow a different pattern. Loading 32 nM of IgG results in a 3.4 and 2.2 fold increase in A and Ph respectively, as the operating frequency changes from 142 to 292 MHz. To confirm that the relative signal changes observed in Fig. 7 are related to the operating frequency and not the biological interaction, we calculated from Ph the affinity constant K A of the binding of IgG to neutravidin. This figure can be safely used for these calculations since the phase response has been shown to correspond to the mass of the bound molecule [32] . [33] . The above result clearly suggests that differences in the A and Ph response observed in Fig. 7 can only be attributed to differences in the Lamb wave devices operating frequencies. Based on the frequencies tested in this work, we conclude that the optimum Lamb wave device frequency for developing a protein biosensor should be ∼300 MHz, while amplitude could be added as a second sensing parameter, because for that frequency it exhibits a great response.
To compare the mass sensitivity (S m ) of the four Lamb wave sensors to protein binding, the initial slope of each line shown in Fig. 7 was calculated. In our case, where phase is measured instead of frequency, Eq. 1 can be modified according to [21] : where λ is the wavelength of the device, Ar the sensing area (0.14 cm 2 ), L the length of the propagation path of the wave (0.5 cm), Ph/ [IgG] the slope of each line in Fig. 7 and C is an arbitrary constant proportional to the bulk concentration of IgG which here is considered equal to one since all tested devices use the same fluidics geometry. Results (Table V) indicate that the frequency-normalized mass sensitivity of all devices has an average value of 6.7 ± 0.6 cm 2 /gr. We believe that reducing the mass loading from the metallization on the membrane (IDTs), could lead to a higher mass sensitivity for the fabricated sensors.
VI. CONCLUSIONS
In this work, a series of high frequency Lamb wave acoustic devices were developed and tested operating in the range of ∼140-450 MHz. All sensors supported the S 0 Lamb-mode (in good agreement with theory) together with one or more Rayleigh waves, while sensors operating between 140-300 MHz exhibited a good signal. Based on viscosity loading and protein binding experiments, results were consistent with the concept that the higher the frequency the higher the sensitivity. However, the optimum device frequency was found to depend on the sensing application. Devices operating at frequencies higher than ∼200 MHz were not suitable to be used as a viscosity sensor. In contrast, Lamb wave biosensors applied to protein-antibody sensing exhibited the highest sensitivity at ∼300 MHz, which was the highest frequency tested in the current work.
